The purpose of this study was to examine the radiographic and histologic response to corundum blasted implant surfaces of varying roughness in a canine total hip arthroplasty model. Three types of tapered femoral implants were made from titanium alloy and were identical in every respect except surface finish. The entire surface of the femoral implant had a 2.9-, 4.2-, or 6.7-pm average surface roughness (R,) from blasting with 60-, 2 4 , or 16-grit corundum particles, respectively. Twenty-two stems in 11 dogs were evaluated at 6 months. Twenty-one of the stems showed osseointegration, whereas in one stem a fibrous interface developed. Abundant new periimplant bone formation occurred, particularly within the intramedullary canal where trabeculae spanned implant to endosteal cortex gaps as large as 5 mm. Bone apposition with the 60-, 24-, and 16-grit stems averaged 31.7 %, 32%, and 27.9%, respectively; the differences were not statistically significant. However, the pattern of new bone formation was different in that the average length of each region of bone apposition for the 60-and 24-grit surfaces was 50% greater than that for the coarser 16-grit surface. The observations of this study indicate that because of their highly osteoconductive nature, corundum blasted surfaces represent an important and valuable technology for the design of noncemented implants.
The purpose of this study was to examine the radiographic and histologic response to corundum blasted implant surfaces of varying roughness in a canine total hip arthroplasty model. Three types of tapered femoral implants were made from titanium alloy and were identical in every respect except surface finish. The entire surface of the femoral implant had a 2.9-, 4.2-, or 6.7-pm average surface roughness (R,) from blasting with 60-, 2 4 , or 16 -grit corundum particles, respectively. Twenty-two stems in 11 dogs were evaluated at 6 months. Twenty-one of the stems showed osseointegration, whereas in one stem a fibrous interface developed. Abundant new periimplant bone formation occurred, particularly within the intramedullary canal where trabeculae spanned implant to endosteal cortex gaps as large as 5 mm. Bone apposition with the 60-, 24-, and 16-grit stems averaged 31.7 %, 32%, and 27.9%, respectively; the differences were not statistically significant. However, the pattern of new bone formation was different in that the average length of each region of bone apposition for the 60-and 24-grit surfaces was 50% greater than that for the coarser 16-grit surface. The observations of this study indicate that because of their highly osteoconductive nature, corundum blasted surfaces represent an important and valuable technology for the design of noncemented implants.
Two decades of widespread use of noncemented femoral implants in total hip arthroplasty have confirmed that direct implant fixation by osseous tissue can be achieved with different porous or textured surfaces. Reproducible and reliable osseointegration has been documented to occur with implant as corundum (alumina oxide). These surReceived: March 18, 1998. faces have been used clinically on prosthe- The topography of corundum blasted surfaces is described most commonly by the parameter R,, the average departure from the center line between the surface peaks and valleys. Corundum blasted implants used for total hip arthroplasty generally have an R, in the micrometer range (R, = 3-5 pm).4,29,42>57 This is one to two orders of magnitude smaller than pore sizes typically associated with conventional porous coatings (Ra = 100-650 pm).6,23,36,51 Corundum blasted hip prostheses generally have a double tapered geometry that provides effective primary stabilization. Osseointegration,l-3.8 new bone formation directly on the implant surface, creates microinterlock with surface asperities and provides additional, secondary stabilization. This is in sharp contrast to conventional porous coated hip implants that possess widely varying geometries and achieve interconnected macrointerlock by Almost all of the experimental work involving microtextured implant surfaces has involved cell culture studies and nonfunctional, static implant models. Experimental work with a range of surface textures has determined that cell activity is specific to substrate topography.9,ll.12.30,3*,39.46. 49 In vitro studies have shown that osteoblasts are responsive to corundum blasted surfaces with an R, ranging from 0.45 to 7 pm. 7, 17, 28, 32, 33, 39 At the cellular level, corundum blasted Ti alloy surfaces directly stimulate new bone formation. 28 In addition, osteoblasts cultured on corundum blasted surfaces with an Ra rangdevices. 18 The surface roughness (R,) of corundum blasted femoral prostheses in clinical use is reported to be in the range of 3 to 5 pm.4,29,42,57 However, the rationale for choosing this range and the precise details regarding surface topography are not provided in the clinical literature. It has been determined from animal implant models that faster bone coverage occurs with decreasing surface roughness. 10, 22, 27, 53 However, animal models also have shown that once a mature interface develops, usually within 6 to 12 weeks after surgery, the strength of implant fixation decreases with decreasing surface roughne~s.23~26~45.54 Thus, although it generally is agreed that corundum blasted surfaces stimulate osseointegration, there is uncertainty concerning the optimal surface roughness for biologic fixation with load bearing implants. No animal models using functional, physiologically loaded implants have been described to correlate the tissue response to corundum blasted surfaces as a function of surface roughness.
The technology of corundum blasting clearly possesses an important potential for the design of noncemented reconstructive implants, yet there is little characterization and understanding of the tissue response in loaded applications. The purpose of this study was to examine the radiographic and histologic response to corundum blasted implant surfaces of varying roughness in a canine total hip arthroplasty model. 
MATERIALS AND METHODS

Femoral Implants
A collarless canine femoral implant was designed based on measurements made from radiographs of canine femurs (Fig 1) . The stem was 9 cm long from shoulder to tip and had a double taper configuration in the mediolateral and anteroposterior aspect. Because of the stovepipe shape of the canine intramedullary canal, the stem shape was designed primarily for metaphyseal fixation. Proximally, a lateral fin and a smaller central fin were incorporated on the anterior and posterior aspects of the implant to engage periimplant bone and increase initial rotational stability. The taper neck was designed for a modular 17-mm CoCr alloy femoral head.
Three types of femoral implants were fabricated from medical grade Ti alloy and were identical in every respect except surface finish, Surface finish was produced by blasting the entire Clinical Orthopaedics and Related Research bone contacting surface with 60-grit (250 pm), 24-grit (750 pm), or 16-grit (1080 pm) particles of alumina oxide traveling in a high velocity air stream. Scanning electron microscopic analysis and stylus profilometry were used to characterize, qualitatively and quantitatively, the three implant surface textures (Fig 2) . Surface roughness was characterized by profilometry measurements using a diamond stylus (DEKTAK 3030ST, Veeco Instruments Inc, Santa Barbara, CA). Three implants from each of the three surface texture groups were selected randomly and analyzed ( Table 1 ). The average peak height from the center line between the peaks and valleys (R,) ranged from 2.9 to 6.7 pm. The average peak height from the center line of the five largest peaks (RZ) ranged from 19.7 to 37.9 pm. The average spacing between peaks ranged from 61.4 to 133.2 pm.
Acetabular Implants
A 28-mm noncemented acetabular implant with a porous metal backing was used for all arthroplasties.
Study Protocol
Femoral implants with the 60-grit surface were used as the control. Fourteen staged bilateral total hip arthroplasties were performed on dogs of mixed breed (30-40 kg) using a 60-grit stem paired with a 24-grit stem (seven dogs) or 16-grit stem (seven dogs). The different implants were assigned randomly to the right and left sides, with a 4-week interval between operations. Each ex- periment was terminated 6 months from the midpoint of the two surgery dates for each dog, establishing implantation periods of 5.5 months and 6.5 months for both sides. Surgery was performed using standard aseptic sterile techniques. A lateral (modified Hardinge) approach was used to access the hip joint. A lateral incision was made in the midline of the femur and centered over the greater trochanter. The tensor fascia lata was incised, and the anterior joint capsule was exposed. One half of the gluteus medius muscle and 1/3 of the vastus lateralis muscle were split 1 cm beyond the proximal and distal aspects of the greater trochanter, respectively. The tendon insertion unit was removed from the trochanter with an underlying small flake of bone using an osteotome. An anterior capsulotomy exposed the head and neck of the femur. The ligamentum teres was cut, the hip was dislocated, and a provisional femoral neck cut was made at the subcapital level with an oscillating saw.
After acetabular implantation, the femoral canal was broached through the piriformis fossa using a small tapered curette. The canal was rasped progressively with two undersized rasps, the larger of which was 1 mm smaller than the stem. In smaller femurs, insertion of the rasp to the level of the neck osteotomy required anterior and posterior proximal endosteal bone removal with a high speed burr. The femoral implant with attached modular head was impacted into the femur, after which the joint space was irrigated thoroughly and the hip reduced. The trochanteric bone flake was reattached with two nonresorbable interrupted sutures, and the incision was closed in three layers using resorbable sutures. After surgery the animals were administered prophylactic antibiotic therapy. They were housed in a run and allowed to return to weightbearing as tolerated. All animals were provided a daily exercise period of 1 hour outside the run.
Radiography and Histologic Analysis
After excision of the femurs and removal of extraneous soft tissue, high resolution contact radiographs in anteroposterior (AP) and lateral views were obtained using a Faxitron apparatus (Hewlett Packard, San Diego, CA). The femurs were fixed in 10% formalin, dehydrated in ascending solutions of alcohol, defatted in 1: 1 solution of ether and acetone, dried in anhydrous alcohol, and embedded in methylmethacrylate in preparation for undecalcified thin section histologic study.
Transverse serial sections were produced using an Isomet 1000 variable speed diamond blade saw (Buehler, Lake Bluff, MI) starting just below the implant neck and progressing at 10-mm intervals. At each of the nine section intervals, a 2-mm thin section was produced for radiographic and microscopic analysis (Fig 3) . Specimens were prepared for scanning electron microscopic study, and the entire bone-implant interface of each section was photographed in backscattered mode.
Photographs of the implant sections were converted to a digital image using a high resolution flat bed scanner. For all dogs the 10-mm section levels were excluded from the quantitative analysis because of wide variation in tissue containment, the presence of the piriformis fossa, and i n some cases the imprecise removal of anterior and posterior bone with the high speed burr during surgical preparation. For each section the individual segments of bone contact were measured manually by the same operator using a computer assisted program with less than a 2% discrepancy between repeated measurements. The implant perimeter of each section was determined using an automated computerized edge detection pro- gram. Two different parameters were quantified for each section. The first was the length of each individual region of bone apposition, often appearing as trabecular struts or thin flattened plates of bone. These data were used to obtain the average contact length of bone on the implant surface. The second was the total of all regions of bone apposition divided by the section perimeter. These data were used to obtain the overall percentage of bone apposition. The bone apposition was recorded according to the medial, lateral, anterior, and posterior quadrants of each section, overall for each section, and overall for each implant by averaging the data for all section intervals.
Data Analysis
Before data analysis, data were tested for normality using the Kolmogorov-Smirnov test and homogeneity of variance using the Levene's test. For comparisons of two data sets the Student's t test (parametric) or the Mann-Whitney test (nonparametric) was used.
For comparisons of three or more data sets, analysis of variance (parametric) or the KruskalWallis test (nonparametric) was used. Bonferroni (equal variance) and Tamhane (unequal variance) were used as post hoc tests when appropriate.
Significance was determined at the 95% confidence level.
RESULTS
Surgery and Postoperative Complications
Twenty-eight stems (14 60 grit, seven 24 grit, and seven 16 grit) were implanted in 14 dogs. Eleven dogs regained normal or near normal weightbearing on the first surgically treated side within the first week after surgery. Typically, full use of the first surgically treated limb in these animals occurred within 3 to 4 weeks, at which time the second surgery was performed. There were five dislocations, all within the first 3 weeks after surgery and all requiring open reduction. In two open reductions the acetabular cup was repositioned to establish hip stability. All five cases eventually resolved without additional complication.
Intraoperatively, five femoral fractures in four dogs occurred during implant insertion. The fractures occurred in smaller femurs and initiated anteriorly, extending 1 to 3 cm distal to the femoral neck cut. All fractures were stabilized with 20-gauge stainless steel cerclage wire. In three of the dogs with a femoral fracture satisfactory weightbearing was not achieved by 2 to 3 months after surgery, and they were excluded from the study. Postmortem radiography revealed signs of implant instability, attributable to inadequate initial fixation caused by the femoral fracture. The remaining study group included 22 stems (11 60 grit, four 24 grit, and seven 16 grit) in 11 dogs. (Figs 3, 4) . Filling of the intramedullary canal distal to the lesser trochanter generally was poor, with spaces as large as 5 mm often present between the implant and the cortex.
Radiography
Despite the stem to canal mismatch distally, all 22 stems appeared to be radiographically stable without a detectable change in implant position. Although small amounts of migration would not have been possible to detect, it was clear from the position of the stems within the femurs that subsidence of several millimeters had not occurred. Proximally and distally new bone formation and increased density adjacent to the implants were apparent in all cases. This was particularly noticeable within the intramedullary canal, where streaks and clouds of newly formed cancellous bone bridged gaps between the implant and the cortex, providing the impression of implant fixation (Figs 3, 4) . Examination of the AP and lateral radiographs revealed that the distal tip of the stem was within 2 mm of the endosteal cortex in 15 of 22 cases. In these regions of close proximity, increased bone density was always evident.
Radiolucent lines adjacent to the implant were absent in 18 of the 22 cases. In three other cases the implants had mostly stable interfaces but with some regions having incomplete radiolucent lines. In only one of the 22 stems was there a thin, parallel radiopaque and radiolucent double line around the entire implant, a feature characteristic of fibrous tissue encapsulation.19 This animal had a femoral fracture at the time of stem insertion. Radiography of the serial transverse sections and backscattered scanning electron microscopic analysis more clearly showed this feature. In the regions where radiopaque lines were present, the radiolucent space was narrow, ranging from 0.2 to 1 mm in thickness.
In 21 of the 22 stems, many regions of new bone formation without periimplant radiolucencies were visualized clearly on radiographs of the serial transverse sections. There was a notable increase in bone density in periimplant regions correlating to the changes seen on AP and lateral radiographs. Newly formed bone was evident most clearly in the more distal sections, where gaps as large as 5 mm between the implant and the cortex were bridged with trabecula ( Figs 5,  6 ). Twelve percent of the sections showed an osseous reaction at the periosteal surface, ranging from 1 to 5 mm in thickness (Fig 6) . In most cases, this reaction was limited to the anterior or anteromedial aspect of the femur. 
Backscattered Scanning Electron Microscopic Analysis
Characterization of the bone-implant interface by backscattered scanning electron microscopic analysis consistently revealed many regions of bone apposition along the full length of all stems (Figs 7-9 ). In the metaphysis, the extent of periimplant cancellous bone increased density varied widely. Some of this variation appeared related to interanimal variability in osseous response. Trabecular struts often appeared to abut the implant and extend along the interface in the form of a thin enveloping bony shell ( Figs  7-9 ). The bone surrounding the implants had a mature, woven appearance with a high number of interconnected struts. As observed in the radiographs, the newly formed bone was most impressive in the distal sections, where trabecular struts often spanned large distances linking the endosteal cortex and implant surface. The three different implant surfaces were characterized by a similar pattern of periimplant bone response.
Higher magnification micrographs revealed direct contact or close proximity of new bone to the implant surfaces (Figs 10,  11 ). Bone apposition closely followed the topography of the 60-, 24-, and 16-grit surfaces, effectively establishing mechanical microinterlock (Fig 10) . In some sections, a small space on the order of 1 to 5 pm was visible between bone and the implant at higher magnifications (Fig 10) . This was interpreted as a shrinkage artifact from histo- logic processing because the bone identically matched the implant contours. Slight tissue shrinkage is common with the dehydration procedure required for undecalcified embedding in acrylic.
Quantification of Bone Apposition
Quantification of bone apposition was based on analysis of eight sections from 21 stems (168 sections) with osseointegrated surfaces. This included 11 60-grit, four 24-grit, and six 16-grit stems. Although the extent of apposition varied from section to section, some degree of apposition was present in 156 of 168 (93%) sections. In the 60-and 24-grit implants, bone apposition frequently arose from a point of trabecular contact and spread along the implant surface (Fig 11A) . However, bone formation on the 16-grit implants was noticeably different in that trabecular struts tended to simply abut the implant without as much surface spreading ( Fig  11B) . The average length of each region of bone apposition for the 60-and 24-grit surfaces was 0.35 and 0.34 mm, respectively. In contrast, the average appositional length for the 16-grit surface was only 0.23 mm, a 50% difference that was statistically significant. The effect of implantation time was ascertained by examining the 11 femurs in which a 60-grit implant was used, five of which were in situ for 5.5 months and six of which were in situ for 6.5 months. The average bone apposition at 5.5 months (34.4%) was not significantly different from that at 6.5 months (29.2%), indicating that the 4-week difference between prosthetic implantation, necessitated by the bilateral nature of the study model, had no measurable effect on the results.
The average bone apposition for the 156 transverse sections showing osseointegration ranged from 3.1% to 62.5%. The average bone apposition for all 21 stems with osseointegration ranged from 18% to 40.796, with a mean of 30.5%. The average bone apposition for all of the 60-, 24-, and 16-grit stems was 31.796, 32%, and 27.9%, respectively (Table 2) . Paired comparisons between the 60-and 24-grit femurs and the 60-and 16-grit femurs revealed no statistically significant difference in bone apposition. For each of the three surface treatments, there was no statistically significant difference in bone apposition among the different dogs, a finding that permitted statistical comparison of the 24-and 16-grit implants. The differ- ence in apposition between these two implant groups also was not significant.
However, there were significant differences in bone apposition among various implant regions that were common to all three surface treatments. Bone apposition was significantly greater at the lateral quadrant of the stem surface (Table 3 ) when compared with apposition at the medial, anterior, and posterior quadrants. In addition, bone apposition was highest in the proximal regions of the stem (Table 4 ) and was significantly greater at 30 mm than at the other section in- tervals. The lowest apposition levels of 22% and 28% were measured at the 20-and 70-mm intervals, respectively.
DISCUSSION
This is the first study to examine the osseous response to different corundum blasted implant surfaces in a fully functional load bearing hip model. Despite the mismatch between the implant shape and size and that of the femur, all three types of corundum blasted implants had consistently high amounts of bone apposition along all regions of the stem surface. There were no statistical differences among bone apposition for the 1 6 , 24-, and 60-grit corundum blasted surfaces, with an overall average of 30.5%. However, the pattern of new bone formation was different in that the average distance over which the individual regions of bone apposition occurred for the 60-and 24-grit surfaces was significantly greater than that for the coarser 16-grit surface.
The finding in the current study that no difference in extent of apposition was seen Intramedullary studies in rabbits with grit blasted implants of surface roughness comparable with the 60-grit sample examined in the current study have showed similar findings, with bone apposition of 30% to 35% at 3 months.*2,*6 Bone apposition was greatest in the proximal regions of the stem, reaching a peak average of approximately 40% 30 mm from the implant shoulder. This corresponded to the metaphyseal and diaphyseal junction of the femur, where the density of cancellous bone is highest. Increased bone density from proximal load transfer probably contributed to the higher apposition in the metaphysis ( Fig  5) . The canine femur normally is characterized by little, if any, cancellous bone within the intramedullary canal distal to the lesser trochanter. Near the tip of the implant (section levels 80 and 90 mm), bone apposition averaged approximately 30%. In 15 of 22 cases the proximity of the implant tip to the endosteal cortex was less than 2 mm. This may have influenced the amount of new bone formation because closeness of fit previously has been shown to affect the rate and extent of periimplant bone development. 5 However, even in the midportion of the implant (section levels 50, 60, and 70 mm), bone apposition averaged approximately 30%, and the proximity of the implant to the cortex was less than 2 mm in only three of 22 cases. This emphasizes one of the most striking findings in the current study, the extent to which new bone spanned large gaps between the implant and endosteal cortex and established osseointegration ( Fig  6) . Immediately after the implantation was performed, the large gaps would preclude significant implant to cortex load transfer, thus rendering it unlikely that the new bone formation resulted from stress related factors. This strongly supports the indication from cell culture studies that surface topography is a trigger mechanism for osteogenesis.
Many studies have shown that the topographic characteristics of the implant surface modulate cell motion and the type of Clark et all3 reported that morphotactic signals, such as sharp, abrupt changes in surface topography, have the greatest effect on cell behavior. Such changes also may retard osteoblast migration. 16 Wennerberg et al,53 in a study with two grit blasted surfaces that differed only in peak height (RJ and not peak spacing, reported significantly less bone formation with the larger peak height, indicating that the relative change in topography affects osteoblast bone forming activity. The differences in patterns of bone apposition between the coarsest 16-grit surface and the two finer surfaces may be explained by osteoblast migration being limited with increasing magnitude of surface topography. Although the total extent of bone apposition apposed tissue formation.9.12. 13.30.32,39.40.46.49 was similar for all surfaces, the 60-and 24-grit surfaces were more osteophillic or conducive52 to trabecular spreading along the implant.
It is difficult not to compare the remarkable amount of osteogenesis and osteoconduction observed in the current study with similar observations reported in some studies with hydroxyapatite coated irnplants.22.44~52 It generally is accepted that the hydroxyapatite coating on an implant acts as an osteoconductive agent that increases the amount of bone formation and apposition.44.52 The mechanism for this increase often is discussed in the context of the hydroxyapatite chemistry, with calcium and phosphate being incorporated into new bone as osteoid calcifies. However, the surface roughness of hydroxyapatite coatings generally has been overlooked as a contributing source of new bone formation. Plasma sprayed hydroxyapatite surfaces generally possess a rough irregular topography with an Ra that is similar to that of grit blasted surfaces (2 to 8 pm).11,27,52,54 Thus, it is probable that the osseous response to hydroxyapatite coated implants partly is attributable to surface roughness, not surface chemistry alone.
Using implants in the human knee, Carlsson et all1 compared the effects of corundum blasted Ti and hydroxyapatite coated surfaces with nearly identical surface roughness and peak spacing. No significant difference in bone apposition was found, leading to speculation that the similarities in surface texture may have influenced the results. In this regard, a recent clinical comparison of the identical textured noncemented stem with and without hydroxyapatite coating revealed no difference in outcome at an average followup of 2.2 years. 43 To assess the ability of an implant surface to maintain fixation under physiologic loads, interface shear strength often is evaluated. Because of differences in mechanical interlock the shear fixation strength of bone apposition to corundum blasted surfaces is lower by a factor of two to four than is the bone ingrown interface of a porous surfa~e.6,22,~5,26 Although the current study did not measure interface fixation strength, it could be expected that the coarsest 16-grit surface would provide the greatest mechanical strength for any given amount of apposition by virtue of its coarser topography and potential for mi~rointerlock.26~45~54 However, morphologic presentation of bone at the implant surface differed between the finer (60-and 24-grit) and coarsest (16-grit) surfaces. The finer surfaces resulted in a thin covering of bone spanning larger distances and connected by fewer trabeculae. The coarsest surface more typically possessed shorter contact regions but a greater number of osseous contact points. Whether the differences in pattern of bone apposition would influence interface shear strength cannot be predicted without specific studies to address this mechanical issue. Clinically, the lower fixation strength of corundum blasted surfaces does not appear to have a negative influence on implant fi~ation.~, 29.35,42,55-57 This may be attributed to the excellent primary stability afforded by a double wedge taper stem design.
The implant in which a complete fibrous interface developed suggests that adequate initial implant stability was not achieved. This probably was related to the intraoperative fracture. With porous surfaces, implant motion greater than 40 pm relative to the porous implant-bone interface increases the likelihood of fibrous fixation.31,41 The fine surface texture of corundum blasted implants may render them more susceptible to the effects of implant motion than are porous coated implants. Unfortunately, there are no published data directly describing the relationship between implant motion and the tissue response to corundum blasted surfaces. Although the adherence of soft tissue to corundum blasted surfaces could not be as strong as that to porous surfaces, the absence of subsidence or migration and the parallel nature of the thin neocortex surrounding the implant without osseointegration were features highly suggestive of stable fibrous fixation. 19 The effect of implant surface microtexture on osseointegration largely has been ignored in the design of noncemented hip prostheses. Through detailed qualitative and quantitative radiographic and histologic elucidation of the osseous response to corundum blasted hip implant surfaces, this study has provided new understanding of their potential for biologic fixation. The quantitative data on bone apposition, with surfaces possessing an Ra between 2.9 and 6.7 pm, provide a scientific basis to support the range of surface roughness currently used on most commercially available corundum blasted hip prostheses. Given that the design of the corundum blasted prosthesis provides adequate initial stability, secondary implant fixation clearly can be established without hydroxyapatite or porous coatings.
The manufacturing process of corundum blasting is simple, reproducible, economical, and does not require the complicated or detrimental heat treatments used to bond porous coatings. The influence of microtexture on the deposition of new bone offers exciting possibilities for implant design and application. In noncemented revisions where implant to cortex apposition may not be present, especially near the end of long stems that extend beyond the isthmus, corundum blasted surfaces could help ensure long term stability. In addition, modified porous coatings with microtextured surfaces could be used to combine the advantages of high interface strength and osteogenic response. The observations of this study clearly indicate that because of their highly osteoconductive nature, corundum blasted surfaces represent an important and valuable technology for the design of noncemented implants.
